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Based on a vector triplet model we study a possible failure of dimension-6 operators in
describing LHC Higgs kinematics. First, we illustrate that including dimension-6 contri-
butions squared can significantly improve the agreement between the full model and the
dimension-6 approximation, both in associated Higgs production and in weak-boson-fusion
Higgs production. Second, we test how a simplified model with an additional heavy scalar
could improve the agreement in critical LHC observables. In weak boson fusion we find an
improvement for virtuality-related observables at large energies, but at the cost of sizeable
deviations in interference patterns and angular correlations.
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2I. INTRODUCTION
After the discovery of a light Higgs boson [1, 2], one of the key tasks of the LHC is to test if the
observed particle indeed corresponds to the minimalist setup of the Higgs sector in the Standard
Model. Because of the many intricacies of the electroweak sector of the Standard Model, it is not
straightforward to define a theoretical framework which describes possible deviations in the Higgs
sector. If we want to remain more general than testing specific models [3], we can use an effective
field theory ansatz. Here the Lagrangian is organized by the field or particle content, the symmetry
structure, and the mass dimension [4–6].
The problem at least for the interpretation of Run I results in terms of an effective theory is the
limited experimental accuracy. Combined with an assumed maximum size of underlying couplings
the experimental precision determines the maximum testable hierarchy of scales [7, 8]. If for weakly
interacting new physics models we assume that the higher-dimensional operators are ordered by
factors g2m2h/Λ
2, or that the only relevant scale of Higgs production is given by mh, a typical LHC
accuracy of 10% on a rate measurement translates into a new physics reach around∣∣∣∣ σ × BR(σ × BR)SM − 1
∣∣∣∣ = g2m2hΛ2 & 10% ⇔ Λ < gmh√10% ≈ 400 GeV . (1)
We assume g < 1, implying a reasonably weakly interacting theory, equivalent to Wilson coefficients
of order one. This is exactly the Λ range we find in the full analysis [7].
This does not mean that an analysis of LHC data in terms of a truncated dimension-6 La-
grangian cannot be useful, but it does require us to carefully check the correspondence between
the dimension-6 Lagrangian and complete models. It turns out that a dimension-6 Lagrangian
describes weakly interacting extensions of the Higgs-gauge sector at the LHC well [9]. One key
ingredient to this success is a v-improved matching procedure [9], which includes effects of the
Higgs VEV in the matching to a Lagrangian with linearly realized electroweak symmetry break-
ing. The simplest realization of this idea is to set the new physics scale Λ to the physical mass of
new particles including contributions from the Higgs VEV instead of using the mass scale in the
unbroken phase of the electroweak symmetry. This effectively absorbs effects from dimension-8
operators into the dimension-6 Lagrangian by replacing φ†φ → v2/2. These terms are negligible
when v  Λ, but can significantly improve the accuracy of the dimension-6 model in scenarios
without a clear separation of scales [9].
This study rests on the findings of the more theoretical discussion in Ref. [9]. For models where
that discussion does not lead to an obvious conclusion it attempts to answer two experimental key
questions:
1. Is it justified or preferable to include dimension-6 operators squared while neglecting
dimension-8 operators interfering with the Standard Model?
2. How can we improve our description when even the v-improved matching starts to fail and
new states affect the LHC kinematics?
The first point is of immediate practical relevance for fits of Wilson coefficients to LHC data and
has been discussed from different perspectives [7, 9–13].
These questions cannot be answered without making assumptions about the new physics sce-
nario. We will illustrate them in a specific setup with a modified gauge sector [14], a setup known
to challenge the dimension-6 framework [9]. We will rely on an extension of the Standard Model
3HISZ basis
Oφ1 = (Dµφ)† φφ† (Dµφ) Oφ2 = 1
2
∂µ(φ†φ) ∂µ(φ†φ) Oφ3 = 1
3
(φ† φ)3
OGG = (φ† φ)GAµν Gµν A
OBB = −g
′2
4
(φ† φ)Bµν Bµν OWW = −g
2
4
(φ† φ)W kµνW
µν k OBW = −g g
′
4
(φ†σkφ)BµνWµν k
OB = ig
2
(Dµφ†)(Dνφ)Bµν OW = ig
2
(Dµφ†)σk(Dνφ)W kµν
Ouφ = (φ†φ)(Q¯3φ˜uR) Odφ = (φ†φ)(Q¯3φdR) Oeφ = (φ†φ)(L¯3φeR)
Table I. Bosonic CP-conserving Higgs operators in the HISZ basis.
by a massive vector field V˜ aµ which is a triplet under SU(2)L and has the mass MV˜ [9, 15].
∗ Its
Lagrangian includes the terms
L ⊃ − 1
4
V˜ aµν V˜
µν a +
M2
V˜
2
V˜ aµ V˜
µa + i
gV
2
cH V˜
a
µ
[
φ†σa
←→
D µ φ
]
+
g2w
2gV
V˜ aµ
∑
SM fermions
cFFL γ
µ σa FL
+
gV
2
cV V V abc V˜
a
µ V˜
b
ν D
[µV˜ ν]c + g2V cV V HH V˜
a
µ V˜
µa (φ† φ) − gw
2
cV VW abcW
µν V˜ bµ V˜
c
ν . (2)
Five coupling parameters cj describe the different interactions of the new vector triplet to itself,
the Standard Model fermions F , the Higgs doublet φ, and the SU(2)L field strength W
µν . The
covariant derivative acts on the triplet as Dµ V˜
a
ν = ∂µ V˜
a
ν + gV 
abc V˜ bµ V˜
c
ν . The coupling constant
gV is the characteristic strength of the heavy vector-mediated interactions, while gw denotes the
SU(2)L gauge coupling. After mixing they will combine to the observed weak gauge coupling. This
mixing of the new heavy states with the weak bosons combined with the new, heavy resonances is
what can lead to large effects at the LHC.
Unlike in Ref. [9] we now define our dimension-6 Lagrangian in the HISZ basis [16], to make
our results compatible with the SFitter Run I legacy analysis of Ref. [7]:
L ⊃
∑
i
fi
Λ2
Oi , (3)
with the Higgs operators Oi defined in Tab. I. Our v-improved matching scale is Λ = mξ, the mass
of the neutral heavy particle ξ0 after mixing of the new V state with the Z boson. The dimension-6
Wilson coefficients for the triplet model read
fφ2 =
3
4
(−2 cF g2 + cH g2V ) , fWW = cF cH
fφ3 = −3λ
(−2 cF g2 + cH g2V ) , fBW = cF cH ≡ fWW
ffφ = −1
4
yf cH
(−2 cF g2 + cH g2V ) , fW = −2 cF cH . (4)
Structurally, those dimension-6 operators are of two types,
O ∝ g
2v2
Λ2
and O ∝ g
2∂2
Λ2
. (5)
∗ Such a model is not manifestly renormalizable, but can be embedded in a UV-complete theory in which V acquires
its mass through a Higgs mechanism [14].
4The second type of operator, such as OWW , introduces a momentum dependence in the V V h
interaction and thereby modifies kinematic distributions in Higgs-strahlung and weak-boson-fusion
(WBF) Higgs production. Problems with our v-improved dimension-6 approximation for LHC
kinematics typically occur through those operators. For two benchmark points introduced in
Tab [9], which challenge the agreement between full model and dimension-6 approximation, we
give the Wilson coefficients in Tab. II. The benchmark point T1 features constructive interference
between the dimension-6 amplitudes and the SM in weak boson fusion and destructive interference
in V h production, while for T4 it is the other way around. In this paper we will again study two
particularly sensitive observables, the mV h (or pT,V ) distribution in Higgs-strahlung and the pT,j
distribution in weak boson fusion. In models with extended Higgs sectors the mhh distribution in
Higgs pair production would develop very similar features, including an s-channel resonance, but
is experimentally less pressing [9, 17].
II. TO SQUARE OR NOT TO SQUARE
If we accept that a dimension-6 Lagrangian describing Higgs signatures at the LHC is not
necessarily part of a consistent effective field theory, but rather a successful and reproducible
parametrization of weakly interacting new physics, there exists no fundamental motivation [7, 9–
13] to include or to not include the dimension-6 squared term in
|M4+6|2 = |M4|2 + 2 ReM∗4M6
?
+ |M6|2 . (6)
A dimension-6 squared term of comparable or larger size than the interference term can appear in
phase-space regions with a suppressed dimension-4 prediction, even when the EFT expansion in
E/Λ holds and dimension-8 effects are negligible. In the absence of any first-principle reason how
to treat this term, we need to test the different possibilities from a practical perspective.
Higgs-strahlung
We first analyze associated V h production with V = W±, Z at 13 TeV LHC energy. To retain
as much phase space as possible we only consider the parton-level process
pp→ V h (7)
simulated in MadGraph [18] without cuts or decays, see Fig. 1. It is easy to see where in phase space
the effective theory breaks down: for on-shell outgoing Higgs and gauge bosons a large momentum
flow through the Higgs operator can only be generated through the virtual s-channel propagator.
We can directly test this in the observable mV h distribution, comparing the full model with the
dimension-6 approach at large momentum flow.
Benchmark
Triplet model Dimension-6 approximation
MV˜ gV cH cF cV V HH mξ fφ2 fφ3 fWW fW fuφ33
T1 591 3.0 −0.47 −5.0 2.0 1200 0.00 0.00 2.45 −4.90 0.00
T4 1246 3.0 −0.50 3.0 −0.2 1200 2.64 −1.37 −1.56 3.12 −0.87
Table II. Benchmark points for the vector triplet model and matched Wilson coefficients for the dimension-6
model. All masses are given in GeV. Table from Ref. [9].
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Figure 1. Example diagrams for V h production in the SM (left), in the vector triplet model (middle), and
in the EFT (right), where the blob denotes effects from the dimension-6 operators.
We show the mV h distributions in the left panels of Fig. 2. While theoretically the mV h
distribution is cleaner, for example when we include initial state radiation, we can see the same
effects in the highly correlated pT,V distribution (right panels), due to the simple 2 → 2 signal
kinematics [10, 11]. The T1 benchmark point is constructed with a low new physics scale and a
destructive interference between Standard Model and dimension-6 term. We see that the squared
dimension-6 terms are clearly needed to avoid negative cross sections in the high-energy tails of
the distributions. Driven by the light new particles, inconsistencies otherwise occur around
mV h > 600 GeV ≈
m
(T1)
ξ
2
or pT,V > 300 GeV ≈
m
(T1)
ξ
4
, (8)
clearly within reach of Run II. The reason why differences appear much below mV h = mξ is that the
new states are wide and their pole contribution extends through a large interference effect. Because
for this benchmark point the discrepancies signal the onset of a new s-channel propagator pole,
the agreement between full model and dimension-6 operators is limited and will hardly improve
once we include for example dimension-8 terms [19].†
For the constructively interfering benchmark point T4 we observe no dramatic effects in the tails,
but the agreement between the full model and the dimension-6 approximation is improved when we
include these terms. Both benchmark points therefore suggest to include the dimension-6 squared
terms in the LHC analysis, to improve the agreement between the model and the dimension-6
Lagrangian.
WBF Higgs production
Weak-boson-fusion Higgs production is a 2 → 3 process with two t-channel gauge bosons car-
rying the momentum to the Higgs vertex, see Fig. 3. The relevant kinematic variables are the
two virtualities of the weak bosons. Following many studies in the framework of the effective W
approximation [20, 21] it is straightforward to link them to the pT of the tagging jets, which even
for multiple jet radiation can be linked to the transverse momentum of the Higgs [22] (even though
it is not clear if this distribution is theoretically or experimentally favored). Again, we start with
the parton-level signal process
ud→ u′d′h (9)
† We are convinced that, if the LHC experiments should observe such a new resonance, the justification of a
dimension-6 description will most likely not be of experimental or theoretical concern.
6 [GeV]Vhm
200 400 600 800 1000
 
[fb
/bi
n]
σ
1−10
1
10
210
 V h, T1→p p 
2D6
D6
SM
full
 [GeV]
T,V
p
0 100 200 300 400 500
 
[fb
/bi
n]
σ
1−10
1
10
210
 V h, T1→p p 
2D6
D6
SM
full
 [GeV]Vhm
500 600 700 800
 
[fb
/bi
n]
σ
0
2
4
 V h, T1→p p 
2D6
D6
SM
full
 [GeV]
T,V
p
200 250 300 350 400
 
[fb
/bi
n]
σ
0
2
4
6
 V h, T1→p p 
2D6
D6
SMfull
 [GeV]Vhm
200 400 600 800 1000
 
[fb
/bi
n]
σ
1
10
210
 V h, T4→p p 
2D6
D6
SM
full
 [GeV]
T,V
p
0 100 200 300 400 500
 
[fb
/bi
n]
σ
1
10
210
 V h, T4→p p 
2D6
D6
SM
full
Figure 2. V h distributions with (“D62”) and without (“D6”) the dimension-6 squared term. The left
panels show mV h, the right panels pT,V . The central panels show the region where leaving out the squared
dimension-6 terms leads to a negative cross section.
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Figure 3. Example diagrams for WBF Higgs production in the SM (left), in the vector triplet model (middle),
and in the EFT (right), where the blob denotes effects from the dimension-6 operators.
with only one minimal cut pT,j > 20 GeV for the two tagging jets. We show the results for the now
constructively interfering benchmark point T1 and the now destructively interfering benchmark
point T4 in Fig. 4. Negative event rates for T4 appear around
pT,j1 > 600 GeV ≈
m
(T4)
ξ
2
, (10)
forcing us to either disregard the corresponding model hypothesis or to add the dimension-6
squared term. For the less critical point T1 the agreement between the vector triplet model
and its dimension-6 approximation including the squared terms extends well into the range where
deviations from the Standard Model become visible.
In the middle panels of Fig. 4 we see that indeed the pT,h distribution looks almost identical to
pT,j1 . Both of them can be traced back to the unobservable virtualities of the weak bosons. Due
to the preferred collinear direction of the quark-vector splittings, the W -mediated and Z-mediated
diagrams populate very different parton-level phase-space regions, with basically no interference
between them. We can thus define the virtuality variable [11, 21]
q =
max
(√|(pu′ − pd)2| , √|(pd′ − pu)2|) for W -like phase-space points,
max
(√|(pu′ − pu)2| , √|(pd′ − pd)2|) for Z-like phase-space points, (11)
with the distribution shown in the bottom panels of Fig. 4. Comparing it to pT,h and pT,j1 we see
essentially the same behavior. The strong correlation of q with the observable transverse momenta
of the leading tagging jet and the Higgs is explicitly shown in Fig. 5.
Finally, we compare expected exclusion limits on the vector triplet in the absence of a signal,
based on the full model vs the dimension-6 approach. For the process shown in Eq. (9) we multiply
the cross sections with a branching ratio BR(h → 2`2ν) ≈ 0.01. We disregard non-Higgs back-
grounds as well as parton-shower or detector effects. We then count events in two high-energy bins
of the pT,j1 distributions, defining a parameter point to be excluded if S/
√
S +B > 2. While this
statistical analysis is not designed to be realistic, it illustrates how the validity of our dimension-6
approach affects possible limits. For our limit setting procedure we choose a two-dimensional plane
defined by mξ versus a universal coupling rescaling c,
gV = 1 , cH = c , cF =
g2V
2g2
c , cHHV V = c
2 . (12)
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Figure 4. WBF distributions with (“D62”) and without (“D6”) the dimension-6 squared term. From top
to bottom: pT,j1, pT,h, and virtuality q defined in Eq. (11). The right panels show the region where leaving
out the squared dimension-6 terms leads to a negative cross section.
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This reduces the list of generated dimension-6 operators to
fWW = fBW =
c2
2g2
and fW = − c
2
g2
, (13)
and all dimension-6 deviations scale like c2/m2ξ . To avoid effects from strongly interacting theories
we limit our analysis to Γξ/mξ < 1/4.
In the left panel of Fig. 6 we see that based on event numbers in the range 150 GeV < pT,j1 <
300 GeV, the dimension-6 approximation with the squared terms gives the same limits as the
full model, as long as we ensure that the new resonance remains narrow. In the high-energy
tail pT,j1 > 300 GeV including the squared terms also improves the validity of the dimension-6
approach, but it only leads to identical limits for large mξ, combined with strong couplings. Indeed,
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Figure 6. Expected limits on a two-dimensional slice of the vector triplet parameter space. We show
the analysis based on the event numbers in 150 GeV < pT,j1 < 300 GeV (left) and based on the tail
pT,j1 > 300 GeV.
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Figure 7. WBF distribution at hadron level. Left: pT,j1 distribution based on the full process, the dashed
lines show the distributions based on WBF diagrams only and without a ∆ηjj cut. Right: ∆ηjj based on
WBF diagrams only, the vertical line marks the standard WBF cut following Eq. (15).
limiting the momentum transfer of events for example through an upper limit on pT,j is well known
to reduce the dependence on model assumptions [23, 24].
Just as for the V h production process, at least as long as the event numbers remain small the
square of the dimension-6 operators always improves the agreement with the full theory in weak
boson fusion. With improved statistics the differences become smaller and ultimately negligible,
and the question of whether the squared dimension-6 amplitudes should be taken into account is
rendered irrelevant.
Realistic tagging jets
Before we attempt to further improve the description of the full vector triplet model for example
in the benchmark point T1, we briefly test if the parton-level effects described above survive a
realistic environment. We add a parton shower and jet reconstruction now for the full process
pp→ h jj (+j) , (14)
simulated in MadGraph [18]. Parton showering is performed by PYTHIA6 [25] using the kT -jet
MLM matching scheme [26] with a minimum kT jet measure between partons of xqcut=20 GeV.
Fastjet [27] is used to construct jets based on the kT algorithm with R = 0.4. We do not include
a Higgs decay because we are only interested in production-side kinematics. The standard WBF
cuts then are
pT,j > 20 GeV , mjj > 500 GeV , ∆ηjj > 3.6 (15)
on the two hardest jets. We veto additional jets with pT,j > 20 GeV between these two tagging
jets. To analyze the effects of the ∆ηjj cut [24], we generate additional samples explicitly excluding
Higgs-strahlung diagrams, in spite of the fact that it might break gauge invariance.
In Fig. 7 we show that the distributions are generally robust under parton shower and jet
reconstruction, but two complications arise. First, on-shell ξ production contributes to this process
and is not entirely removed by the WBF cuts in Eq. (15), leading to visible differences between the
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Figure 8. Normalized WBF distributions of the tagging jets. We separate the squared new-physics ampli-
tudes, shown as solid lines, from the interference with the SM-like diagrams (dashed).
full and effective model already at low momenta. Such a resonance peak would be easy to identify
experimentally and does not present a major problem for the dimension-6 approximation.
Second, the tension between the full model and the dimension-6 approximation at large momenta
now remains below 10 %. This means that the ∆ηjj cut not only removes large contributions from
Higgs-strahlung–like diagrams, it also gets rid of phase-space regions where the full model and the
dimension-6 description differ the most. At the same time, the ∆ηjj removes some of its well-known
discrimination power for new physics effects versus the Standard Model [24].
III. TOWARDS A SIMPLIFIED MODEL
In the first part of the paper we have shown where in phase space a dimension-6 description
of LHC observables breaks down, both for V h production and for weak boson fusion. For V h
production with its simple 2 → 2 kinematics problems are clearly linked to a possible s-channel
resonance, as seen in Eq. (8). For weak boson fusion there appears no resonance, but the result
of Eq. (10) suggests that the new states in the t-channel have a similar effect. In Fig. 8 we show
12
different tagging jet distributions, separating the Feynman diagrams including the heavy ξ states.
In particular for the critical pT,j1 distribution, the ∆ηjj distribution, and the ∆φjj distribution
these diagrams are only very poorly described by the dimension-6 approach. In practice this is not
a problem because these contributions are strongly suppressed by the heavy mass mξ, but it poses
the question how we can improve the agreement. The obvious solution to these problems in the
s-channel of V h production and in the t-channel of weak boson fusion is a simplified model [28, 29].
A new vector field mixing with the weak bosons as described by the Lagrangian shown in Eq. (2) is
such a simplified model, but its structure is still relatively complex. Obviously, an additional heavy
scalar with mass around mξ and the appropriate couplings will improve the 2→ 2 kinematics for
V h production. The question we want to study in this section is if such a scalar can also improve
the weak boson fusion kinematics.
A pseudo-scalar as a simplified vector
The simplest simplified model we can write down includes one new massive scalar S with a Higgs
portal and a Yukawa coupling. However, a scalar state will not interfere with the Standard Model
diagrams. In analogy to the CP properties of the Goldstone mode contributing to the massive Z
boson we define our simplified model with a pseudo-scalar state as
L ⊃ 1
2
(∂µS)
2 − mS
2
S2 +
∑
fermions
gF SFγ5F + gS S
2φ†φ . (16)
In Fig. 9 we show the same WBF distributions as in Fig. 8, but including the simplified scalar
model. For the pT,j distribution the squared new-physics amplitudes in the full vector model and
the simplified scalar model indeed agree well, improving upon the dimension-6 description which
breaks down in this distribution. However, the interference term with the Standard Model, which
is numerically dominant for most of the distribution and well described in the dimension-6 model,
poses a problem. The ∆ηjj distributions show even poorer agreement: the spin-1 amplitudes of
the Standard Model and the vector triplet have similar phase-space distributions and give two
forward tagging jets, while the scalar mediator favors central jets [24]. The ∆φjj distribution,
known to be sensitive to the tensor structure of the hard V V h interaction [30], exposes similar
differences between the full and simplified model. Altogether, our simplified scalar model with
its very different V V h interaction structure does improve the description in the region where
the dimension-6 approach breaks down, but it fails to describe interference patterns and angular
correlations of the tagging jets.
Splitting functions and equivalence theorem
We can understand this very different behavior of the scalar t-channel mediator as compared
to the vector from the splitting kernels in the collinear limit. The matrix element squared for the
weak boson fusion process mediated by pseudo-scalars S has the form
|M(qq → q′q′h)|2 ∝ g
4
F t1t2
(t1 −m2S)2 (t2 −m2S)2
mS→0−→ const
t1t2
, (17)
where t1 and t2 denote the respective momentum flow through each scalar propagator. For mS → 0
the Jacobians from the phase-space integration cancel a possible collinear divergence, while for a
light vector boson a soft and a collinear divergence remains. Unlike in the usual WBF process, the
tagging jets in our simplified scalar model will not be forward. The reason for this difference in
13
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Figure 9. Normalized WBF distributions for a scalar simplified model defined in Eq. (16) vs the vector
triplet benchmark.
the infrared is the (pseudo-)scalar coupling to quarks: since the scalar carries no Lorentz index, a
q → qS splitting will be expressed in terms of the momentum combinations (pqp′q), p2q = m2q , and
p′2q = m2q . In the limit of massless quarks only the first term remains as t = 2(pqp′q). This factor in
the numerator cancels the apparent divergence of the t-channel propagator.
Adding higher-dimensional couplings of the (pseudo-)scalar to fermions, such as
L ⊃
∑
fermions
[
gF,2SFF + gF,3(∂µS)Fγ
µF + gF,4S(∂µS)Fγ
µγ5F + gF,5S(∂µ∂νS)F [γ
µ, γν ]F
]
, (18)
does not change this result qualitatively. After partial integration and using the Dirac equation for
the on-shell quarks the coupling gF,3 is equivalent to the simple scalar coupling, gF,2 = m
2
qgF,3. In
the limit of massless quarks, only two of the new structures listed in Eq. (18) contribute at all: gF,2
gives exactly the same result as gF , while gF,5 leads to even higher powers of t in the numerator,
|M(qq → q′q′h)|2 ∝ g
4
F,5 t
3
1t
3
2
(t1 −m2s)2 (t2 −m2s)2
. (19)
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No matter how we couple the (pseudo-)scalar of the simplified model to the external quarks, it
never reproduces the collinear splitting kernel of a vector boson.
To be a little more precise, we can write out the spin-averaged matrix element squared for the
q → q′S splitting in terms of the energy of the initial quark E, the longitudinal momentum fraction
x, and the transverse momentum pT , both carried by S,
|M(q → q′S)|2 = −2g2Fxm2q + 2g2FE2(1− x)
[√
1 +
p2T
E2(1− x)2 +
m2q(1− (1− x)2)
E2(1− x)2 − 1
]
= g2F
x2m2q
1− x + g
2
F
p2T
1− x +O
(
m2qp
2
T
E2
,
m4q
E2
,
p4T
E2
)
. (20)
From Eq. (20) one can derive an effective Higgs approximation or effective scalar approxima-
tion [31]: in the collinear and high-energy limit, a process qX → q′Y mediated by a (pseudo-)scalar
S is described by
σ(qX → q′Y ) =
∫
dx dpT FS(x, pT )σ(SX → Y ) (21)
with the splitting function
FS(x, pT ) =
g2F
16pi2
x p3T(
m2S(1− x) + p2T
)2 . (22)
Unlike for vector emission, there is no soft divergence for x → 0. The pT dependence is the same
as for transverse vector bosons [20, 21], as we discuss in some detail in the appendix.
It might seem surprising that our pseudo-scalar is emitted with a fundamentally different phase-
space dependence than longitudinal W and Z bosons, in apparent contradiction of the Goldstone
boson equivalence theorem. However, the latter only makes a statement about the leading term
in an expansion in mW /E, where ε
µ
L ∼ pµ/mW . At this order the squared matrix element for the
splitting q → q′WL agrees with the pseudo-scalar result, but is suppressed by a factor of m2q/E2.
Higher orders in the mW /E expansion, outside the validity range of the equivalence theorem,
are not suppressed by quark masses. The equivalence theorem is therefore of very limited use in
describing the W or Z couplings to quarks except the top.
Which observable to study
Now that it is clear that we cannot further improve the agreement between the vector triplet
and its dimension-6 approximation by adding a heavy scalar as a simplified model, we go back to
the original problem: how can we best use the dimension-6 approximation for limit setting, and
do the shortcomings shown in Fig. 8 harm this approach?
We know that in our LHC analysis we should avoid angular correlations of the tagging jets, like
∆ηjj or ∆φjj . Instead, we can use momentum-related kinematic variables like
x ∈ {q, pT,j1 , pT,j2 , pT,h} . (23)
An acceptance cut x > xmin on any of those variables projects out the interesting phase-space
regions, while the cut x < xmax ensures the validity of an effective theory description. If xmin >
xmax the dimension-6 description is not useful. For each window xmin,max we can compute the
contribution to the theoretical uncertainty
∆theo(xmin,max) =
∣∣∣∣σD6 − σfullσfull
∣∣∣∣ , (24)
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Figure 10. Experimental reach in systematics-driven and statistics-driven channels vs theoretical uncer-
tainties of the dimension-6 description. Each point corresponds to a window xmin,max in one of the four
momentum observables that leaves a signal cross section of at least 20 fb.
as well as the statistics-driven and systematics-driven significances
S
B
(xmin,max) =
∣∣∣∣σfull − σSMσSM
∣∣∣∣ and S√B (xmin,max) = √L
∣∣∣∣σfull − σSM√σSM
∣∣∣∣ , (25)
where L = 30 fb−1 is used as a toy number.
The question is for which observable x we find the largest S/B and S/
√
B values while keeping
∆theo small. In Fig. 10 we show the correlations between theoretical uncertainty and experimental
reach for the variables defined in Eq. (23) for a parton-level analysis as defined in Eq. (9). We
see that the momentum transfer q or the leading tagging jet’s pT,j1 lead to the envelopes with
the highest significance for a given theoretical uncertainty ∆theo. This indicates that the leading
tagging jet’s transverse momentum is the best way of experimentally accessing the momentum flow
through the hard process, at least for the hard parton-level process with only two tagging jets.
IV. SUMMARY
While a dimension-6 Higgs analysis at the LHC cannot be considered the leading part of a
consistent effective theory, it describes the effects of weakly interacting extensions of the Higgs-
gauge sector very well [9]. In this brief study we have answered two practical question concerning
such a dimension-6 analysis for Run II.
First, a priori it is not clear if squared dimension-6 terms should be included in calculations. We
have studied two particularly challenging parameter points of a vector triplet model for V h produc-
tion and for weak-boson-fusion Higgs production. For both processes we find that the dimension-6
squared term avoids negative rate predictions in the mV h or pT,V distributions of V h production
and in the pT,j1 distribution of weak boson fusion. Even for cases with a constructive interfer-
ence between the dimension-6 and the Standard Model contributions, it turns out that including
the dimension-6 squared term improves the agreement of kinematic distributions between the full
model and the dimension-6 approximation. Ultimately, this translates into a better agreement in
the expected exclusion limits, and similar conclusions in a different framework have recently been
published in Ref. [11].
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Second, we have attempted to improve the agreement between the full model and our approx-
imation by using a simplified model. The only significantly simpler model than a mixing gauge
extension is an extended scalar sector. While the corresponding deviations between the full model
and the dimension-6 approximation are phenomenologically hardly relevant, we find that such an
additional scalar improves the modelling of kinematic distributions of the kind mV h and pT,j1 where
the dimension-6 description breaks down. However, this comes at the cost of significant deviations
in the dominant interference terms. Moreover, once we include angular correlations like ∆ηjj or
∆φjj in weak boson fusion, the simplified model fails badly. The difference can be traced to the
divergence structure of the corresponding splittings.
Seeing that the dimension-6 approach is still the better simple model to describe new physics
in WBF distributions, we have finally analyzed which phase-space regions provide an interesting
window to new physics while being well described by the dimension-6 approximation. We have
demonstrated that the leading tagging jet’s pT distribution is particularly suited for such a search
for new physics.
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Appendix A: Effective scalar approximation
In Sec. III we have introduced a pseudo-scalar in the t-channel of weak boson fusion to describe
some of the features which we find in the full vector triplet model and which our dimension-6
description does not describe well. In this appendix we collect some of the main formulas and
compare the kinematics of fermions radiating scalars, transverse, or longitudinal gauge bosons.
Our formalism follows the effective W approximation [20] as well as the effective Higgs approxima-
tion [31] and allows us to analytically describe the soft and collinear behavior. If we do not need
to describe interference terms with SM gauge bosons we can start with a CP-even scalar splitting
q → qS, in terms of the energy of the initial quark E, the longitudinal momentum fraction x,
carried by S, and the scalar’s transverse momentum pT :
|M(q → q′S)|2 = 2g2F (2− x)m2q + 2g2FE2(1− x)
[√
1 +
p2T
E2(1− x)2 +
m2q(1− (1− x)2)
E2(1− x)2 − 1
]
= g2F
(
4 +
x2
1− x
)
m2q + g
2
F
p2T
1− x +O
(
m2qp
2
T
E2
,
m4q
E2
,
p4T
E2
)
. (A1)
The main feature of this splitting is that the infrared behavior is different for the term proportional
to the quark mass and for the surviving term in the realistic limit mq → 0: in the absence of a
fermion mass the collinear divergence from a t-channel propagator is cancelled by the coupling
structure. If the term proportional to mq dominates there will be the usual collinear divergence
once we include a scalar propagator. For a pseudo-scalar the structure shown in Eq. (20) is very
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Figure 11. Normalized WBF distributions of the tagging jets in the SM with a heavy Higgs, mh = 1 TeV.
Scalar mediators are compared to longitudinal and transverse W bosons following Ref. [21]. The dotted
lines give the corresponding predictions of the effective W and scalar approximations, Eq. (A3).
similar,
|M(q → q′S)|2 = −2g2Fxm2q + 2g2FE2(1− x)
[√
1 +
p2T
E2(1− x)2 +
m2q(1− (1− x)2)
E2(1− x)2 − 1
]
= g2F
x2m2q
1− x + g
2
F
p2T
1− x +O
(
m2qp
2
T
E2
,
m4q
E2
,
p4T
E2
)
. (A2)
In the limit mq → 0 we can compute universal splitting kernels including only the leading term
in pT , as defined in Eq. (21). Obviously, the scalar and pseudoscalar case given in Eq. (22) are
identical, and we can compare them with the splitting kernels for longitudinal or transverse W
bosons [20],
FS(x, pT ) =
g2F
16pi2
x
p3T(
m2S(1− x) + p2T
)2 ,
FT (x, pT ) =
g2
16pi2
1 + (1− x)2
x
p3T(
m2W (1− x) + p2T
)2 ,
FL(x, pT ) =
g2
16pi2
(1− x)2
x
2m2W pT(
m2W (1− x) + p2T
)2 . (A3)
In Fig. 11 we show how these different splittings translate into WBF distributions and compare
full simulations in MadGraph to the predictions of Eq. (A3). A heavy Higgs, mh = 1 TeV, is
needed to guarantee a large energy scale E ∼ mh  pT ∼ mW ,mS . In this case we find that the
effective scalar approximation quite accurately describes the transverse momentum distribution of
the tagging jets. For mh = 125 GeV the assumption of on-shell W bosons or scalars breaks down
and the effective descriptions lose their validity.
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